The emerging fields of tissue engineering and regenerative medicine seek to replace or repair lost or damaged tissues due to disease, trauma and tumors. 1 Tissue engineering and regeneration requires three key ingredients: morphogenetic signals including growth and differentiation factors, responding stem cells and a scaffold of extracellular matrix. 1 In general, regeneration and repair recapitulates embryonic development. Bone morphogenetic proteins (BMPs) are multifunctional cytokines and widely distributed both in skeletal and non-skeletal tissues and have a major role in organogenesis. BMPs have actions beyond bone in neural, renal and cardiac development. 1, 2 BMPs also play a role in differentiation of dentin [3] [4] [5] [6] [7] [8] in teeth. The recent progress in molecular developmental biology permits the delivery of BMPs by gene therapy using optimal delivery. 9 Growth/ differentiation factor 11 (GDF11) is a novel member of the BMP/TGF␤ family. [10] [11] [12] It was expressed in terminally differentiating odontoblasts, 11 implying a role in the differentiation of dental pulp stem cells into odontoblasts. 11 Therefore, we investigated whether the gene transfer of Gdf11 might stimulate odontoblast differentiation and reparative dentin formation in vitro and in vivo. The results revealed the potential utility of Gdf11 gene therapy in endodontic treatment in dentistry.
Viral vectors and non-viral techniques can be used for 13 On the other hand, plasmid-mediated gene therapy, while minimizing immune responses, is inefficient. A potential method to overcome this dilemma is electroporation using pulsed electric fields to deliver DNA. [14] [15] [16] [17] Many tissues respond to electroporation, and handling is relatively easy and rapid. 18 Electroporation also has been used to deliver genes to living animals. [19] [20] [21] However, electroporation yields only a transient gene expression and not as efficient as viral vectors. 18 In this investigation, we have optimized gene transfer of Gdf11 to pulp cells to initiate odontoblast differentiation in vitro and reparative dentin formation in vivo by electroporation for the endodontic treatment of pulp tissue regeneration and dentin repair. During terminal differentiation of odontoblasts, the expression of Gdf11 mRNA by in situ hybridization in mouse tooth germ 11 and by RT-PCR in the primary dental pulp cell culture has been demonstrated. The human recombinant GDF11 protein was used to explore the function of GDF11 in dental pulp cells. Differentiation of dentin-forming odontoblasts was monitored by three differentiation markers, dentin matrix protein1 (Dmp1), dentin sialoprotein (DSP) and osteocalcin. The expressions of these genes are known to increase during differentiation of pulp cells into odontoblast-like cells in pulp cell culture. [22] [23] [24] In murine developing molars, Dmp1 transcripts are expressed at the late bud stage, while Dsp mRNA is expressed later at the cap stage. Dmp1 expression is decreased in odontoblasts after the appearance of mineral, while Dsp exhibits sustained high expression. 25 In the primary pulp cell culture, Gdf11 was expressed initially on day 0 (not shown), day 5 and very weakly on day 9. Then it declined and disappeared on day 14. It reappeared with further differentiation on days 21 and 28 ( Figure 1 ). The expressions of Dmp1 and Dsp decreased on day 9 and reappeared on day 21 in association with Gdf11 expression. Osteocalcin was expressed on day 28 (Figure 1 ), when mineralization was detected by Alizarin Red staining (data not shown). The expression pattern of Gdf11, Dmp1 and Dsp in vitro, together with the in situ expression results, 11 suggest that Gdf11 plays a role in the terminal differentiation of odontoblasts. 
Gene Therapy
As Gdf11 was expressed during differentiation of pulp cells into odontoblasts, we next investigated the effect of beads soaked in recombinant human GDF11 on the response of mouse dental papilla mesenchyme derived from 17.5 days post coitum (dpc) tooth germ. The expression of Dsp mRNA was detected in the tissue surrounding the beads with GDF11 (Figure 2 hand, as expected, no Dsp mRNA is seen around control BSA beads, suggesting that GDF11 stimulates differentiation of pulp stem cells into odontoblast lineage.
using primers, DSP-5'-3 (5'-CGCGAATTCGACAGGAGA-GATGTGCAGACT-3') and DSP-3'-4 (5'-TACGGATCCAGGA GGTGAGCACCTGAGAA-3'), subcloned into pBlueScript II SK(-), linearized with HindIII and transcribed by T3 polymerase for the antisense probe. The experiment was repeated five times and one representative experiment is presented.

Figure 3 The subconfluent primary pulp cells (a) and the tooth germ (b) showing the high efficiency of electrotransfection by the pEGFP-N3 (Clontech), 1 day after cultivation. Eight square-wave pulses at a frequency of 1 Hz, with a pulse length of 10 ms, and 100 V (a) or 10 V (b). The optimal conditions for electrotransfection were examined in the subconfluent primary pulp cells using a comb-type electrode with a 5 mm distance (gap) between stainless steel wires, 30 mm in diameter, using a electroporator, EDIT-TYPE CUY21 (Tokiwa Science, Fukuoka, Japan
The current practice of endodontic treatment for pulp involves use of calcium hydroxide for pulp capping. It was of interest to utilize Gdf11 gene delivery for endodontic therapy. The plasmid, mouse Gdf11 driven in a pEGFP vector with TIMP promoter site was transfected by electroporation in primary pulp cell culture and in organ cultures of tooth germ (Figure 3) . A high transfection efficiency was observed using green fluorescent protein (GFP) as marker for gene transfer. GFP was not detected in the culture with the pEGFP vector without electrotransfection and in the cultures without the pEGFP vector with electrotransfection (data not shown). A regimen of eight square-wave pulses were delivered at a frequency of 1 Hz, with a pulse length of 40 ms and 70 V in the multi-layered primary pulp cells, and with a pulse length of 10 ms and 100 V in the subconfluent primary pulp cells (Figure 3a) . In the organ cultures of mouse tooth germ, on the other hand, optimal delivery of Gdf11 plasmid was obtained by eight square-wave pulses delivered at a frequency of 1 Hz, with a pulse length of 10 ms and 10V (Figure 3b ). Seven days after electroporation, expression of Dsp mRNA was detected in the organ cultures transfected with Gdf11 (Figure 4d ). The organ cultures transfected with pEGFP alone and those with pEGFP-Gdf11 without electrotransfection expressed no Dsp mRNA (data not shown).
The in vivo electroporation of Gdf11 in the amputated pulp of canine teeth has shown that the pulp cells differentiated into osteodentinoblasts and secreted osteodentin matrix around them and formed osteodentin 1 month after surgery (Figure 5a, c) . In the control teeth transfected with pEGFP only, the differentiation of the pulp cells was not observed (Figure 5b ). Surgical amputation of pulp and the use of a capping agent, such as calcium hydroxide stimulates pulp cells to differentiate into odon- toblasts and produce a small amount of dentin matrix. Some cells degenerate and leave a void in the spaces that they formerly occupied. 26 This kind of reparative dentin containing few or no dentinal tubules is called osteodentin, [27] [28] [29] distinguishing from tubular dentin. After application of morphogens, such as recombinant human BMP2 and BMP4 proteins with collagen matrix, 5 stimulation of
Gene Therapy a large amount of osteodentin formation was observed. The present result of GDF11 gene therapy in pulp has demonstrated osteodentin matrix formation as observed with BMP protein therapy. 5 The osteodentin matrix production is a biological response to repair induced by Gdf11 gene therapy. Immediately adjacent to the electrode there was a lake of erythrocytes in a plasma clot possibly due to thermal effects (Figure 5d ). It is possible to avoid the thermal effects of electroporation by the use of ultrasound-mediated gene delivery 30 during endodontic treatment. In conclusion, transfer of Gdf11 gene by electroporation to pulp cells in an amputated tooth in vivo induced new reparative dentin. We are aware of the important implications for endodontic treatment by gene therapy in dentistry.
